This talk introduces the UMP (Unified Multi-Phase) modeling method, recently developed for the streamlined analysis and systematic design of complex vibro-acoustic systems. The main difference between the conventional method and the UMP method is that the latter uses the same governing equations for all acoustic components while the former, different equations for different acoustic components. The UMP approach also treats all interface conditions by a unified formulation unlike the conventional approach. Consequently, physically different components and various interface conditions are treated by a unified multi-phase model along with unified interface conditions. The key in this approach is to realize that Biot's equations for poroelastic media can degenerate to the Helmholtz equation or the elastodynamic equations if some of poroelastic material coefficients are properly controlled and that the interface conditions for poroelastic-poroelastic media can also degenerate to those for interfaces of any similar/dissimilar media. Since any reduction in the degrees of primary field variables in degenerated systems can cause numerical singularity, some of the poroelastic coefficients are slightly perturbed from the exact limit values in representing the degenerated systems. The unified approach becomes extremely useful when an iterative design process requiring interface evolutions at every iteration step is implemented as in the topology optimization of complex vibro-acoustic systems.
INTRODUCTION
Complex vibro-acoustic systems are usually composed of physically different components which affect each other in determining the response of the system. Therefore, the modeling of the different components and handling of the interface couplings among them should be carefully conducted. Perhaps, the most general vibro-acoustic system may consist of acoustic, elastic, poroelastic media and a septum. For the analysis of such a system by conventional modeling techniques, different governing equations must be used for each component and different coupling treatments should be also employed depending on the set of interfacing components. The scalar Helmholtz equation, for example, is used to describe the pressure distribution of an acoustic (air) region while the elastodynamic equation is employed to calculate the displacement field of an elastic region. On the other hand, two coupled, differential Biot's equations [1] are used for the analysis of a biphasic, poroelastic medium. When the three acoustic components form a vibro-acoustic system, the discordance of the primary variables between their different governing equations requires explicit coupling treatments along their interfaces. Although the conventional modeling techniques can be used for the analysis of this vibro-acoustic system, the process of modeling is sometimes timeconsuming and cumbersome.
When each of the physical regions in a coupled poroelastic system is arbitrary configured or continuously evolves, as in design optimization based on an iterative process, the repeated analyses of the evolving systems by the conventional techniques would be very complicated and burdensome. To overcome this difficulty, an alternative unified multi-phase modeling technique is needed and some of earlier works are published in Refs. [2, 3, 4] . And a complete unified treatment of a general vibro-acoustic system consisting of acoustic, elastic, poroelastic media and a septum has been recently developed [5, 6] . The unified multi-phase (UMP) modeling approach in [5, 6] is capable of representing all acoustic components by the same, single set of governing equations expressed in common physical variables. At the same time, the same set of interface coupling conditions is universally applied to deal with any kind of interfaces of different component regions. Therefore, physically different components and their interface couplings are handled by the same unified model. In this approach, the UMP modeling technique is realized by using Biot's equations of poroelastic media where the use of limit values of the poroelastic material coefficients in the weak form can turn Biot's equations into appropriate governing equations of desired media. More specifically, acoustic, elastic media and a septum as well as poroelastic media can be represented with the same set of primary variables in the same governing equations, i.e., Biot's equations. Furthermore, all the interface coupling conditions are automatically adjusted without any explicit treatment just by using the standard assembly procedure as employed in finite element numerical implementation. Therefore, the proposed UMP modeling is very suitable for the streamlined analysis of arbitrarily configured, complicatedly coupled poroelastic systems consisting of single and multi-phased media altogether.
In addition to the application for the analysis, the present UMP modeling demonstrates its usefulness in the systematic design process combined with an iterative optimization algorithm. A most representative case is the gradient-based topology optimization design of multiphased, complex vibro-acoustic systems. The present UMP technique can model not only distinct vibro-acoustic media such as acoustic, elastic, poroelastic media and a septum, but also artificial intermediate states, by means of the single, unified multi-phase model based on Biot's equations. Here, the mathematical descriptions of the UMP modeling to represent acoustic and elastic media will be briefly overviewed. More details of the UMP modeling and the topology optimization design will be discussed during the presentation.
MATHEMATICAL DESCRIPTIONS Weak form of Biot's equations
Before presenting the UMP modeling technique, the governing Biot's equations for wave propagations in poroelastic media are summarized in first because the development of the UMP modeling technique is based on Biot's equations. With admissible variations δ u and p δ of the solid phase displacement vector ( ) u and the interstitial pressure ( ) p in pores, respectively, of a poroelastic material, Atalla et al. [7] derived the weak integral equations of the ( ) , p u formulation for the analysis of a poroelastic material.
where the integral equations are valid for any admissible ( ) [1, [5] [6] [7] .
Representation of acoustic and elastic media in UMP modeling
In the UMP modeling, both acoustic and elastic media can be represented by Biot's equations if material properties of a poroelastic material are pushed to take limit values. Theoretically, the physical quantities related to the solid phase (or fluid phase) should be deleted in a poroelastic state if an acoustic (or elastic) medium is handled by Biot's equations. Then, only the fluid phase (or solid phase) will remain as a special limiting case of a poroelastic medium. At the time, the material properties related to the remaining fluid phase (or solid phase) should be forced to have those of the target media.
First, let us consider the representation of acoustic media (air) by using Biot's equations. Six material coefficients appearing in the weak form in Eq. (1) are selected to control the state of a poroelastic medium; by adjusting the coefficient values, acoustic media can be expressed through Biot's equations. Specifically, the following limit values may be selected to represent air: 2 2 The modeling of elastic media in the UMP technique can be achieved in a similar manner, but the following limit values are used:
where the subscripts Elastic and E indicate the controlled coefficients in Eq. (1) to represent an elastic medium and the quantities of the target elastic medium. The parameter ε ′ is introduced to control the coefficients of a poroelastic state to the corresponding values of the target elastic medium. In this work, the value controlling scheme and the verification of the automatic representation of various interface couplings in the UMP modeling can be found in Refs. 5 and 6.
NUMERICAL CASE STUDY
Pressure distribution in air-filled cavity by UMP modeling To check the validity of the UMP modeling for representing an air-filled medium, an analysis of the rectangular air cavity shown in Figure. 1 is carried out. For the analysis, not only the air region itself, but also its boundaries are modeled by the present UMP modeling technique based on Biot's equations [5, 6] . Glass wool is chosen as the base porous material here with its material parameters listed in Table 1 . As depicted in Figure. 1, the air cavity is subjected to a unit time-harmonic pressure excitation on the left-hand side. The remaining boundaries are assumed to be anechoic, hard-backed or pressure releasing. 
SOME REMARKS
In dealing with complex vibro-acoustic systems, especially those having various kinds of interfaces among the acoustic components in the systems, the UMP modeling method can streamline the vibro-acoustic analysis of the systems. All the acoustic components (acoustic, elastic, poroelastic regions and a septum) forming a coupled vibro-acoustic system can be represented by the same model if some limit values of the material coefficients in the weak form of Biot's equations are appropriately assigned. In addition, the acoustic-poroelastic, elastic-poroelastic, acoustic-elastic couplings as well as the nominal poroelastic-poroelastic coupling are automatically realized in the present UMP modeling. Thereby, special efforts to arrange different governing equations to different physical regions and to consider explicitly the entangled interface couplings among them are avoided. When repeated analyses of a complicatedly coupled system having evolving interfaces are needed, the UMP modeling can greatly facilitate the overall analysis process. In particular, the present UMP modeling is shown to play a decisive role in an iterative design process such as the topology optimization design of a fully-coupled vibro-acoustic system.
